The largest contributions to the n = 2 Lamb-shift, fine structure interval and 2s hyperfine structure of muonic hydrogen are calculated by exact numerical evaluations of the Dirac equation, rather than by a perturbation expansion in powers of 1/c, in the framework of non-relativistic quantum electrodynamics. Previous calculations and the validity of the perturbation expansion for light elements are confirmed. The dependence of the various effects on the nuclear size and model are studied. PACS numbers: 31.30.jf,36.10.Ee,31.30.Gs Despite many years of study, the proton charge radius has remained relatively poorly known. It has been derived from measurements in electron-proton collisions [1, 2] or from high-precision spectroscopy of hydrogen [3] [4] [5] [6] [7] [8] [9] [10] as described in the CODATA report in [11] . Tests of fundamental physics based on the progress in accuracy of spectroscopy of hydrogen and deuterium have been limited by the lack of an accurate value for the proton radius. Moreover, the values for the proton radius obtained by different methods or different analyses of existing experiments are spread over a range larger than the uncertainty quoted for the individual results. Two recent measurements have resulted in a puzzle. The accurate determination of the 2S Lamb shift by laser spectroscopy in muonic hydrogen provides a proton size with a ten times smaller uncertainty than any previous value and it differs by five standards deviations from the 2006 CO-DATA value [12] . At the same time, a new, improved determination of the charge radius by electron scattering, performed at Mainz with the MAMI microtron, provides a value in good agreement with the value from hydrogen and deuterium spectroscopy [13, 14] . Taking into account improved theory in hydrogen and deuterium and the MAMI measurement lead the recently released 2010 adjustment [15] to differ by 6.9 standard deviation between from the proton radius obtained from muonic hydrogen.
Despite many years of study, the proton charge radius has remained relatively poorly known. It has been derived from measurements in electron-proton collisions [1, 2] or from high-precision spectroscopy of hydrogen [3] [4] [5] [6] [7] [8] [9] [10] as described in the CODATA report in [11] . Tests of fundamental physics based on the progress in accuracy of spectroscopy of hydrogen and deuterium have been limited by the lack of an accurate value for the proton radius. Moreover, the values for the proton radius obtained by different methods or different analyses of existing experiments are spread over a range larger than the uncertainty quoted for the individual results. Two recent measurements have resulted in a puzzle. The accurate determination of the 2S Lamb shift by laser spectroscopy in muonic hydrogen provides a proton size with a ten times smaller uncertainty than any previous value and it differs by five standards deviations from the 2006 CO-DATA value [12] . At the same time, a new, improved determination of the charge radius by electron scattering, performed at Mainz with the MAMI microtron, provides a value in good agreement with the value from hydrogen and deuterium spectroscopy [13, 14] . Taking into account improved theory in hydrogen and deuterium and the MAMI measurement lead the recently released 2010 adjustment [15] to differ by 6.9 standard deviation between from the proton radius obtained from muonic hydrogen.
Many papers have been published in the last year, trying to solve this puzzle. A few are dealing with the calculation of the n = 2 level energies in muonic hydrogen. Several others are concerned with the effect of the internal structure of the proton on these energies [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Others look at exotic phenomenon beyond the standard model [28] [29] [30] [31] [32] [33] [34] .
Many contributions to the Lamb shift, fine, and hyperfine structure of muonic hydrogen have been evaluated over the years; the results are summarized in [35] [36] [37] [38] [39] [40] and in a recent book by Eides et al. [41] . Most of these calculations are done in the framework of nonrelativis- * paul.indelicato@spectro.jussieu.fr tic QED. The wavefunction and operators are expanded in powers of the fine-structure constant, and the contributions are obtained by perturbation theory. Hylton [42] showed that the perturbation calculation of the finite size correction to the vacuum polarization in heavy elements gives incorrect results. Since a bound muon is closer to the nucleus than a bound electron by a factor m µ /m e ≈ 207, its Bohr radius is slightly smaller than the Compton wavelength of the electron C = /m e c by a factor m e /α m µ ≈ 137/207 (α ≈ 1/137.036 is the fine structure constant, m e and m µ the electron and muon mass respectively). The Compton wavelength is the scale of QED corrections, and for the 2S level, the muon wavefunction mean radius is only 2.6 times larger than the electron Compton wavelength.
It is thus worthwhile to reconsider the largest corrections that contribute to the 2S Lamb-shift in muonic hydrogen using non-perturbative methods. In the present work, we use the latest version of the MCDF code of Desclaux and Indelicato [43] , which is designed to calculate properties of exotic atoms [44] , to evaluate the exact contribution of the electron Uehling potential with Dirac wavefunctions including the finite nuclear size. In the same way, we calculate the Källén and Sabry contribution.
Throughout this paper we will use QED units, = 1, c = 1. The electric charge is given by e 2 = 4πα.
atomic many-body problem [45] [46] [47] [48] . The Dirac equation is written as α · p + βµ r + V N (r) Φ nκµ (r) = E nκµ Φ nκµ (r),
where α and β are the Dirac 4 × 4 matrices, V N (r) is the Coulomb potential of the nucleus, E nκµ is the atom total energy, and Φ is a one-electron Dirac four-component spinor:
Φ nκµ (r) = 1 r P nκ (r) χ κµ (θ, φ)
i Q nκ (r) χ −κµ (θ, φ)
in which χ κµ (θ, φ) is the two-component Pauli spherical spinor [46] , n is the principal quantum number, κ is the Dirac quantum number, and µ is the eigenvalue of J z . This reduces, for a spherically symmetric potential, to the differential equation:
where P nκ (r) and Q nκ (r) are the large and small radial components of the wavefunction, respectively, κ the Dirac quantum number, E D nκµ is the binding energy, µ r is the muon reduced mass, µ r = m µ M p /(m µ + M p ) (m µ and M p are the muon and proton masses).
To solve this equation numerically, we use a 5 point predictor-corrector method (order h 7 ) [48, 49] on a linear mesh defined as t n = ln r n r 0 + ar n ,
with t n = t 0 + nh, and r 0 > 0 is the first point of the mesh, corresponding to n = 0. This immediately gives t 0 = ar 0 . Equation (4) can be inverted to yield r n = W ar 0 e t n a , dr n dt n = W ar 0 e t n a 1 + W ar 0 e t n ) ,
where W is the Lambert (or product logarithm) function. The wavefunction and differential equation between 0 and r 0 are represented by a 10 term series expansion. For a point nucleus, the first point is usually given by r 0 = 10 −2 /Z and h = 0.025. Here we use values down to r 0 = 10 −7 /Z and h = 0.002 to obtain the best possible accuracy. For a finite charge distribution, the nuclear boundary is fixed at the value r N , where N is large enough to obtain sufficient accuracy. The mean value of an operator O, that gives the first-order contributions to the energy, is calculated as
using 8 and 14 points integration formulas due to Roothan. The two integration formulas provide the same result within 9 decimal places.
B. Charge distribution models
For the proton charge distribution, two models are extensively used. The first corresponds to a proton dipole (charge) form factor, the second is a gaussian model. Here we also use uniform and Fermi charge distributiond and fits to experimental data [50, 51] . The analytic distributions are parametrized so they provide the same mean square radius R. Moments of the charge distribution are defined by
where the nuclear charge distribution ρ(r) = ρ N (r)/(Ze) is normalized by
for a spherically symmetric charge distribution. The mean square radius is R = √ < r 2 >. The potential can be deduced from the charge density using the well known expression:
The exponential charge distribution and corresponding potential energy are written
2ξ ,
. The gaussian charge distribution and potential are given by
where erf is the error function, and ξ = 2 3 R. Other similar expressions for the two above models can be found in [52] .
Electromagnetic interaction between a lepton (narrow line) and a nucleon (bold line).
The electric form factor is related to the charge distribution by
For the exponential model this leads to
while for the Gaussian model one has
The two models have an identical slope R 2 /6 as functions of q 2 for q → 0 as expected (see, e.g, [53] ). In 1956, Zemach introduced an electromagnetic form factor, useful for evaluating the hyperfine structure energy correction
where µ(u) is the magnetic moment density. Both µ(u) and ρ em are normalized to unity as in Eq. (8) . The Zemach radius is given by
The Zemach's radius can be written in momentum space as [54, 55] 
where κ p is the proton anomalous magnetic moment, and G M is normalized so that G M (0) = 1 + κ p . The exponential and gaussian models enables to obtain analytic results for R Z as a function of the charge and magnetic moment radii R and R M . Using (13) or (14) for the exponential or gaussian model, and Eq. (17), we get respectively
An other useful quantity, which appears in the estimation of the finite size correction to vacuum polarization is the third Zemach's moment
where the convolved charge distribution is
This can be rewritten in the more convenient form [17, 35] , in the limit of large proton masses,
It can be easily seen from Eqs. (13) or (14) that the expression is finite for q → 0. We now turn to more realistic models, based on experiment. A recent analysis of the world's data on elastic electron-proton scattering and calculations of twophoton exchange effects provides an analytic expression for the electric form factors [51] , given as
where τ = q 2 /(4M p ). The a i coefficients can be found in Table I of Ref. [51] . A second work [50] uses a combination of several spectral functions tacking into account several resonances and continua like the 2π, KKand ρπ continua. Here we use the fit resulting from the superconvergence approach from this work. This corresponds to a sum of 12 dipole-like functions, which are able to represent the experimental data with a reduced χ 2 of 1.8. A comparison of the electric form factor from both works is presented on Fig. 3 . It is clear that both experimental form factors and the dipole approximation with an identical radius are very close. We can obtain the charge radius and the next correction by performing an expansion in q of the experimental form factors. We get for Ref. [51] 
and for Ref.
[50] In order to compare different charge density models, we have performed an analytic evaluation of the charge densities corresponding to [51] , replacing (23) in (12) and performing the inverse Fourier transforms, to obtain the corresponding charge distribution, depending on the set of a coefficients. The corresponding densities are plotted and compared to Fermi, Gaussian and exponential models. Distances are converted from GeV to fm using c = 0.1973269631 GeVfm in the density obtained from the experiment. The charge distributions are compared on Fig. 2 . We plotted both ρ(r) and ρ(r)r 2 to reveal the differences at long and medium distances. The experimental charge density is rather different from all three analytic distributions, while, once multiplied by r 2 , it is closer to the exponential distribution. 
II. EVALUATION OF MAIN VACUUM POLARIZATION AND FINITE SIZE CORRECTION
The Feynman diagram corresponding to the Uehling approximation to the vacuum polarization correction is presented in Fig. 4 (a) . The evaluation of the vacuum polarization can be performed using standard techniques of (perturbative) non-relativistic QED (NRQED) as described in [35, 37] . Here we use the analytic results of Klarsfeld [56] as described in [57] and numerical solution of the Dirac equation from Sec. I. In order to obtain higher order effects, we solve the Dirac equation in a combined potential resulting from the finite nuclear charge distribution and of the Uehling potential. The logarithmic singularity of the Uehling potential at the origin for a point charge cannot be easily incorporated in a numerical Dirac solver. In the case of a finite charge distributions, the singularity is milder, but great care must be exercised to obtain results accurate enough for our purpose.
For a point charge, the Uehling potential, which represents the leading contribution to the vacuum polarization, is expressed as [56, 58, 59 ]
where m e is the electron mass, λ e is the electron Compton wavelength and the function χ 1 belongs to a family of functions defined by
The Uehling potential for a spherically symmetric charge distribution is expressed as [56]
The expression of the potential at the origin is given by
while it behaves at large distances as [60] V 11 (r) = − 2α(Zα) 3π
using the moments of the charge distribution (7). The energy shift associated with the potential (26) or (28) in first order perturbation is calculated as
where n, l, κ, µ r is a wavefunction solution of Eq. (1), which depends on the reduced mass. It was shown recently [61] that this method provides the correct inclusion of the vacuum polarization recoil correction at the Barker and Glover level [62] . Since we directly use relativistic functions, the other corrections described in [61] are automatically included.
III. HIGHER ORDER QED CORRECTIONS

A. Reevaluation of the Källèn and Sabry potential
The Källén and Sabry potential [63] , is a fourth order potential, corresponding to the diagrams in Fig. 5 . The expression for this potential has also been derived on Ref. [64] [65] [66] [67] . In the previous version of the mdfgme code, the Källèn and Sabry potential used was the one provided by Ref. [60] , which is only accurate to 3 digits. The expression of this potential is for a point charge
where
and
The function f (t) can be calculated analytically in term of the ln and dilogarithm functions. Blomqvist [68] has shown that L 1 (r) can be expressed as
and provided a series expansion of this function for small r. Fullerton and Rinker [60] provided polynomial approximations to the functions g i (r). Here we have numerically evaluated the function L 1 (r) to a very good accuracy, using Mathematica. We then fitted the coefficients of polynomials for the function g i (r). The results are presented in Appendix A. For x > 3, we have used the functional form
The coefficients are also given in Appendix A. To obtain the finite nuclear size correction, we use the known expression for a spherically-symmetric charge distribution [60] 
Using our approximation to L 1 (x) in Eqs (35) and (36), we obtain the following approximate expressions for L 0 (x). For x ≤ 3, the expression is very similar to the one for
The expression for the functions h i are given in Appendix B. For the asymptotic function, given for x > 3, we integrate directly Eq. (36), which yield (fixing the integration constant so that L 0 (r) is 0 at infinity) (40) where Ei(r) is the exponential integral.
IV. NUMERICAL RESULTS
A. Finite size correction to the Coulomb contribution
Obtaining the accuracy required from the calculation on E D 2κµ
, which has a value of ≈ 632.1 eV, while the Lamb shift is ≈0.22 eV with an aim at better than 0.001 meV, is a very demanding task. For a point nucleus, we get exact degeneracy for the 2s and 2p 1/2 Dirac energies. The best numerical accuracy was obtained generating the wavefunction on a grid with r 0 = 2 × 10 −3 and h = 2 × 10 −3 . This corresponds to ≈ 8700 tabulation points for the wavefunction, with around 2800 points inside the proton. I checked that variations in r 0 and h do not change the final value. The main finite nuclear size effect on the 2p 1/2 -2s energy separation comes from the sum of the Dirac energy splitting (the 2p 1/2 and 2s level are exactly degenerate for a point nucleus).
I evaluated the different quantities on a grid of proton sizes ranging from 0.3 to 1.2 fm, with steps of 0.025 fm (80 points). I also evaluated the contribution for the muonic hydrogen proton size and the CODATA 2010 proton size. The first few terms of the dependence of the relativistic energy on the moments of the charge distribution where given by Friar [52] . For a Gaussian charge distribution he finds for a s state
+ d r 2 log r + e r 2 2 log r .
I use this as a guide to fit my numerical results.
As a first example a 3-parameter fits provides
A better fit is provided by
Using Friar functional form with only one log R term, I obtain
The function with two logarithmic terms and close values of the BIC and χ 2 criteria is given by
Criteria for the quality of the fit are plotted in Fig. 6 . I use both the reduced χ 2 and a Bayesian information criterion (BIC) to evaluate the improvement in the value when increasing the number of parameters [69] . We obtain a coefficient for R 2 which is −5.1999 meV/fm 2 and a coefficient for R 3 equal to 0.03559 meV/fm 3 . Using our numerical solutions we also find −5.19972 meV/fm 2 and 0.032908 meV/fm 3 for the Gaussian model. Borie [39] finds −5.1975 meV/fm 2 and 0.0347 meV/fm 3 for an exponential model, and 0.0317 meV/fm 3 for a Gaussian model, in reasonable agreement with the result presented here. In the same way, I evaluated the finite size correction to the fine structure.
The constant term is in perfect agreement with Borie's value 8.41564 meV [70] (Table 7) . It is interesting to explore at this stage the influence of the charge distribution shape on the Coulomb and vacuum polarization contribution. Friar and Sick [71] have evaluated the third Zemach moment from Eq. (20) , using the proton-electron scattering data available in 2005. Using a model-independent analysis, they find r 3 (2) = 2.71 ± 0.13 fm 3 , leading to an energy shift of −0.0247 ± 0.0012 meV. Using the Fourier transform of the exponential (13) distribution in Eq. (22), I find
showing that r 3
is proportional to R 3 and justifying the fit in R 2 and R 3 performed to derive the coefficients above. Equation (47) is in exact agreement with the result that can be obtained from Eq. (15) in [16] , but Eq. (16) in the same work is not correct (the denominator should be 256, not 64). The value obtained by Friar and Sick corresponds to R = 0.894 fm. In that case our energy shift is −0.0250 meV in good agreement with the energy shift in Ref. [71] . In the Gaussian model, I find
leading to R = 0.920 fm and an energy shift of −0.0256 meV, still in agreement. One can perform a more advanced calculation, using the experimental charge distribution from Ref. [51] , as given in (23) . I find r 3 = 2.45 fm 3 , significantly lower than Friar and Sick's value. This lead to R = 0.864 fm for the exponential model and R = 0.889 fm for the Gaussian model, providing shifts of −0.0226 meV and −0.0232 meV respectively, in closer agreement to Borie's work. In a recent paper, De Rùjula [16] claims that the discrepancy found between the charge radii obtained from hydrogen and muonic hydrogen could be due to the fact that theoretical calculations use too simple a dipole model to represent the nucleus. He builds a "toy model" composed of the sum of two dipole function corresponding to two resonances with different masses. In his model the third moment of the charge distribution is much higher than what is derived from a dipole model, enabling to mostly resolve the discrepancy between charge radii obtained from muonic and normal hydrogen. He gets
using R from muonic hydrogen. I use the fit to the experimental form factor from Ref. [51] as given in Eq. (23) to check the result from Ref. [16] against an experimental determination. I obtain 
The conclusions from Ref. [16] , which depend on an overly large third moment of the charge distribution are thus not supported by experiment.
B. Finite size correction to the Uehling contribution
For the vacuum polarization we obtain, for a point nucleus,
to be compared with 205.0282 meV in Ref.
[39]. Pachucki [37] obtained 205.0243 meV as the sum of the non-relativistic 205.0074 meV and first order relativistic 0.0169 meV corrections. If I calculate the difference between (52) and Pachuki non-relativistic value, I obtain a difference of 0.0208076 meV. This is in excellent agreement with the value provided in Ref. [72] , Eq. (6), 0.020843 meV.
To achieve this result we used the mesh parameters described in the previous section, and checked by varying them so that the results were stable within the decimal places provided here. For finite nuclei, I use the same parameters as in the previous section. Again changes in r 0 and h do not change the final value. We get The constant term is in excellent agreement with the one in Eq. (52) . This result must be combined to Eq. (45) to obtain values that can be compared with the literature. I obtain:
The R 2 coefficient can be compared to the one in Ref. [72] Table III , which has the value −5.2254 meVfm −2 , which contains additional recoil corrections.
For the Uelhing correction to the fine structure, I obtain in the same way:
where the constant term is again in perfect agreement with Borie's value 0.0050 meV [70] (Table 7) .
C. Finite size correction to the Källén and Sabry contribution
We can then evaluate the Källén and Sabry contribution ∆E 
for the fine structure, to be compared with 0.00004 meV in Ref. [70] .
V. HIGHER-ORDER VACUUM POLARIZATION CORRECTIONS
A. Higher-order vacuum polarization
The term named "VP iteration", which correspond to Fig. 7 , is given by Eq. (215) of Ref. [38] ∆E VPVP (2s) = 0.01244
where µ r =94.96446 MeV for muonic hydrogen (using [11] ). This adds 0.15086 meV to the Lamb-shift for muonic hydrogen. The Uehling potential under the form used in Sec.II can be introduced in the potential of the Dirac equation (3) when solving it numerically. This amounts to get the exact solution with any number of vacuum polarization insertions as shown in Fig. 7 . The numerical methods that we used are described in Ref. [56, 57] . Because of the Logarithmic dependence of the point nucleus Uehling potential at the origin, we do not calculate the iterated vacuum polarization directly for point nucleus. We instead calculate for different mean square radii and charge distribution models, and fit the curves with f (R) = a + bR 2 + cR 3 + dR 4 . All 4 models provides very similar values. The final value is (25) in Ref. [73] correction, which was not calculated before. For the fine structure, I obtain in the same way 
B. Other higher-order Uehling correction
Since we include the vacuum polarization in the Dirac equation potential, all energies calculated by perturbation using the numerical wavefunction contains the contribution of higher-order diagrams where the external legs, which represent the wavefunction, can be replaced by a wavefunction and a bound propagator with one, or several vacuum polarization insertion. For example the Källèn and Sabry correction calculated in this way, contains correction of the type presented in Fig. 8 . This correction is given by ∆E 21×11,fs 2s 1/2 −2p 1/2 (R) = 0.0021552
with a 10 −7 meV accuracy. This correction is part of the three-loop corrections form Ref. [73, 74] . The diagrams in Fig. 8 correspond to diagrams (a) and (b) of Fig. 5 in Ref. [73] and (e) (upper left) and (f) in Fig. 2 of Ref. [75] . The sum of contributions of the diagram (a) and (b) is 0.00223, in good agreement with our all-order fully relativistic result. The three loop diagram Fig. 5 (c) Ref. [73] and Fig. 2 (g (25) in Ref. [73] fine structure this correction is very small:
C. Wichmann and Kroll correction
We use the approximate potentials as presented in Refs. [68, 76] to evaluate the Wichmann and Kroll [77] V 13 correction to the Uehling potential. The corresponding diagram is shown on Fig. 4 (b) . This contribution is given together with the light-by-light scattering diagrams of Fig. 9 in Refs. [73, 75, 78] . We find for a point nucleus, the exact value, and a size correction, given by 
to be compared to the value given in Ref. [75] (Table III) of −0.001018(4) meV. In the lowest order approximation, the diagram on Fig. 9 (a) provides an energy shift of ∆E 13 /Z 2 [75, 78] . For the fine structure, this correction is comparable to the contribution from Eq. (63): 
D. Muon radiative corrections
Muon self-energy
Highly accurate self-energy values for electronic atoms and point nucleus are known from Ref. [79] . The self-energy correction, represented in Fig. 10 is conveniently expressed by the slowly varying function F(Zα) defined by
where m is the particle mass. The recoil corrections to F(Zα) are described in detail in [11] . The dependence in the reduced mass has to be included leading to the following expressions, specialized for the n = 2 shells: 
The Bethe logarithms are given by ln k 0 (2S) = 2.811769893 and ln k 0 (2P) = −0.030016709 [80] . 
where ( [11] Eq. (51))
is the lowest-order finite nuclear size correction to the Coulomb energy. Here C = 1.867594282 fm is the muon Compton wavelength. Equation (71) provides E NS (R) = 5.19745R 2 for muonic hydrogen in agreement with Refs. [37, 39] .
The self-energy correction to the Lamb shift with finite-size correction is then ∆E SE,fs 2p 1/2 −∆E SE,fs 2s 1/2 (R) = −0.68431882+0.000824R 2 meV, (72) and to the fine structure:
It should be noted that in Ref. [39] , the R 2 -dependent part of the 2s self-energy is much larger than what is given in Eq. (72). This value was checked independently by using an all-order calculation with finite size, following the work of Mohr and Soff [82] . The results of this calculation agree reasonably well with Eq. (72) and is given by [83] 
Muon loop vacuum polarization
The vacuum polarization due to the creation of virtual muon pairs is represented by the same diagram 4 (a) and same equations (28) as vacuum polarization due to electron-positron pairs, replacing the electron Compton wavelength by the muon one. For S states, it is given by [11] Eq. (27), [35] Eq. (32)
in which higher order terms in Zα have been neglected. For the 2s Lamb shift in muonic hydrogen it gives 0.01669 meV and is included in Refs. [37, 39] and [84] Eq. (2.29) for the first α correction. As it is a sizable contribution, and the muon Compton wavelength, which represent the scale of QED corrections for muons is of the order of the finite nuclear size (1.9 fm), one could expect a non-negligible finite size contribution. Using the numerical procedure described in Sec. II, replacing the electron Compton wavelength by the muon one in Eq. 
where the constant term is in excellent agreement with (75) and the R dependence explicit. From Ref. [11] , Eq. (55), one obtains (77) for the 2s level. This term is about 4 times larger than the numerical coefficient for R 2 in Eq. (76) . Using the wavefunction evaluated with the Uehling potential in the Dirac equation, I also obtain the value of the sum of diagrams with one muon vacuum polarization loop and any number of electron loops on each side, as in Fig. 7 , with one loop being a muon loop: 
This muonic vacuum polarization is a small contribution to the fine structure 
VI. EVALUATION OF THE RECOIL CORRECTIONS
The relativistic treatment of recoil corrections is described in, e.g., [11] , Eq. (10). The analytic solution of the Dirac equation for a point nucleus and a particle of mass m is given by
with
The recoil can then be included by evaluating [62, 85] 
where M = m µ + M p . If one expands the previous equation in power of (Zα), one would find that the terms of order up to (Zα) 4 are identical to what is given in Ref. [62] . We also compared the numerical results from our numerical approach for point nucleus, as described in Sec. I A to what can be obtained by using directly (80) and find excellent agreement. Below, we will make exclusive use of the direct numerical evaluation of the Dirac equation. The relativistic corrections to Eq. (83) associated with motion of the nucleus are called relativistic-recoil correction. The correction to order (Zα) 5 and to all orders in m µ /M p is given by [11, 41, 85, 86 ]
where a n,l = −2 This correction corresponds to the diagrams in Fig. 11 . The next order of the relativistic recoil corrections is given for s states by
and for l ≥ 1 states by
Using Eqs. (82) to (87), I obtain
and to the fine structure:
This is in excellent agreement with the results from Ref. [70] .
VII. EVALUATION OF SOME ALL-ORDER HYPERFINE STRUCTURE CORRECTIONS
The expression of the hyperfine magnetic dipole operator can be written as
where µ is the nuclear magnetic moment and we have assumed a magnetic moment distribution of a point particle for the nucleus. It is convenient to express H h f s using vector spherical harmonics. On obtains [87] [88] [89] [90] 
and M 1 representing the magnetic moment operator from the nucleus. The operator T 1 acts only on the bound particle coordinates. The vector spherical harmonic Y 
where C j 1 , j 2 , j; m 1 , m 2 , m is a Clebsh-Gordan coefficient, Y 1,q are scalar spherical harmonic and ξ σ are eigenvectors of s 2 and s z , the spin 1 matrices [88, [90] [91] [92] [93] . The reduction to radial and angular integrals is presented in various works [88] [89] [90] . In heavy atoms, the hyperfine structure correction due to the magnetic moment contribution is usually calculated for a finite charge distribution, but a point magnetic dipole moment (see, e.g., [88, 89] ). When matrix elements non-diagonal in J are needed, one can use [94] for a one-particle atom
where g = µ p /2 = 2.792847356 for the proton, is the anomalous magnetic moment, A is an angular coefficient
where π (l 1 , k, l 2 ) = 0 if l 1 + l 2 + 1 is odd and 1 otherwise. The j i are the total angular momentum of the i state for the bound particle, l i are orbital angular momentum, I is the nuclear spin, k the multipole order (k = 1 for the magnetic dipole contribution described in Eq. (95)) and F the total angular momentum of the atom. The difference between ∆E HFS values calculated with a finite or point nuclear charge contribution is called the Breit-Rosenthal correction [95] .
To consider a finite magnetic moment distribution, one uses the Bohr-Weisskopf correction [96] . The correction can be written [97] 
where the magnetic moment density µ(r n ) is normalized as
Borie and Rinker [98] , write the total diagonal hyperfine energy correction for a muonic atom as
. (99) where the normalization is different:
This means that µ BR (r) = µ(r)/(4π). Evaluation of the Wigner 3J and 6J symbols in (96) give the same angular factor than in Eq. (95) . The equivalence of the two formalism can be easily checked: starting from (99) and droping the angular factors, we get, doing an integration by part
where we have used (98) . We thus find that the formula in Borie and Rinker represents the full hyperfine structure correction, including the Bohr-Weisskopf part. In 1956, Zemach [99] calculated the fine structure energy of hydrogen, including recoil effects. He showed that in first order in the finite size, the HFS depends on the charge and magnetic distribution moments only through the Zemacs's form factor defined in Eq. (15) . The proton is assumed to be at the origin of coordinates. Its charge and magnetic moment distribution are given in terms of charge distribution ρ(r) and magnetic moment distributions µ(r). Zemach calculate the correction in first order to the hyperfine energy of s-states of hydrogen due to the electric charge distribution. The HFS energy is written as
φ the non-relativistic electron wavefunction and S x are the spin operators of the electron and proton. If the magnetic moment distribution is taken to be the one of a point charge, µ(r) = δ(r), the integral reduces to | φ(0) | 2 . The first order correction to the wavefunction due to the nucleus finite charge distribution is given by
where φ C (0) is the unperturbed Coulomb wavefunction at the origin for a point nucleus. Replacing into Eq. (102) and keeping only first order terms, we get (Eq. 2.8 of Ref. [99] corrected for a misprint):
where E F is the well known HFS Fermi energy. Transforming Eq. (104) using r → r + u, etc. Zemach obtains
with r Z given in Eq. (16) . The 2s state Fermi energy is given by
A. Hyperfine structure of the 2s level
In order to check the dependence of the hyperfine structure on the Zemach radius and on the proton finite size, I have performed a series of calculations for a dipolar distribution for both the charge and magnetic moment distribution. We can then study the dependence of the HFS beyond the first order corresponding to the Zemach correction. I calculated the hyperfine energy splitting ∆E HFS (R Z , R) = E HFS (R) + E BW HFS (R, R M ) numerically. I also evaluate with and without self-consistent inclusion of the Uëhling potential in the calculation, to obtain all-order Uëhling contribution to the HFS energy. We calculated the correction ∆E HFS (R Z , R) for several value of R Z between 0.8 fm and 1.15 fm, and proton sizes ranging from 0.3 fm to 1.2 fm, by steps of 0.05 fm, which represents 285 values. The results show that the correction to the HFS energy due to charge and magnetic moment distribution is not quite independent of R as one would expect from Eq. (105), in which the finite size contribution depends only on R Z . We fitted the hyperfine structure splitting of the 2s level, E 2s HFS (R Z , R) by a function of R and R Z , which gives:
The constant term should be close to the sum of the Fermi energy 22.80541 meV and of the Breit term [100] . the HFS correction calculated with a point-nucleus Dirac wavefunction for which I find 22.807995 meV. When setting the speed of light to infinity in the program I recover exactly the Fermi energy. The Breit contribution is thus 0.002595 meV, to be compared to 0.0026 meV in Ref. [40] ( Table II, line 3 ) and 0.00258 meV in Ref. [70] . Martynenko [40] evaluates this correction, which he names "Proton structure corrections of order α 5 and α 6 ", to be −0.1535 meV, following [35] . He finds the coefficient for the Zemach's radius to be −0. Fig. 12 as a function of the charge and Zemach radii. The maximum difference is around 1 µeV.
In Ref. [35] , the charge and magnetic moment distributions are written down in the dipole form, which corresponds to (13) ,
with Λ = 848.5MeV. This leads to R = 0.806 fm as in Ref.
[2] and R Z = 1.017 fm using this definition for the form factor in Eq. (17) . Moreover there are recoil corrections included. Pachucki [35] finds that the pure Zemach contribution (in the limit m p → ∞) is −0.183 meV. In Ref. [101] , the Zemach corrections is given as δ(Zemach) × E F = −71.80 × 10 −4 E F , for R Z = 1.022 fm. This leads to a coefficient −0.1602 meVfm −1 , in excellent agreement with our value −0.16036 meVfm −1 . The effect of the vacuum polarization on the 2s hyperfine structure energy shift as a function of the Zemach and charge radius have been calculated for the same set of values as the main contribution. The data can be de- 
It corresponds to the diagrams presented in Fig. 13 . The size-independent term 0.07437 meV corresponds to the sum of the two contributions represented by the two top diagrams in Fig. 13 and is given as ∆E HFS 1loop-after-loop VP = 0.0746 meV in Ref. [40] . The term ∆E HFS 1γ,VP = 0.0481 meV corresponds to a vacuum polarization loop in the HFS potential [35, 40, 98] , which is not evaluated here. Corrections present in Ref. [70] not included in Eqs. (107) and (109) gives an extra contribution of 
Combining Eqs. (107), (109) and (110) 
In Ref. [40] , the equivalent expression is
while it is
in Ref. [70] . Using a Zemach's radius of 0.9477 fm in Eq. (112), needed to reproduce entry 11 in Table II [19] . In a recent work, however, the use of Form factors in the Breit equations leads to smaller finite size corrections, leading to 22.8560 meV [102] . A comparison between some of these results is presented in Table I .
VIII. EVALUATION OF MUONIC HYDROGEN n = 2 TRANSITIONS A. Lamb shift and fine structure
The results presented in this work for the Lamb shift (Eqs. (45), (54), (57), (60), (62), (64), (72), (76), (78) 
In the same way, Eqs. (46), (55), (58), (61), (63), (65), (73), (79) , and (89) lead to the fine structure interval (which include the recoil corrections (89), included in Table II for the 2s Lamb shift)
Martynenko [105] finds E Tot,fs 2p 1/2 −2p 3/2 = 8.352082 meV for the fine structure.
A number of terms not included in Eqs. (114) are presented in Table II together with the relevant references. Combining Eq. (114) with the sum of the contributions TABLE I. Comparison of contributions to the 2s hyperfine structure from Refs. [40, 70] and the present work (meV) for R Z = 1.0668 fm [2] as used in Ref. [40] . Note that in this reference, the proton structure correction of order α 5 (item # 6) may combine the Zemach correction and the recoil correction (# 24). VP: Vacuum Polarization. # Ref. [40] Ref. [70] 
An extra recoil contribution is given in Ref. [72] for the fine structure, corresponding to entry #9 in Table II for the Lamb shift,
This term correspond to corrections beyond the full Dirac term. This lead to the final result 
B. Transitions between hyperfine sublevels
The energies of the two transitions observed experimentally in muonic hydrogen are given by
Here we use the results from [105] for the 2p states: 
This can be compared with the result from U. 
using the 2s hyperfine structure of Ref. [40] . Using Eq. (124), a Zemach radius of 1.0668 fm from Ref. [40] and the transition energy from Ref. [12] , I obtain a charge radius for the proton of 0.84091(69) fm in place of 0.84184(69) fm in Ref. [12] and 0.8775(51) fm in the 2010 CODATA fundamental constant adjustment. This is 7.1 σ (using the combined σ) from the 2010 CO-DATA value. A summary of proton size determinations is presented in Table III and Fig. 14. 
IX. CONCLUSION
In the present work, I have evaluated finite-size dependent contributions to the n = 2 Lamb shift in muonic hydrogen, to the fine structure and to the 2s hyperfine splitting. The calculations were performed numerically, to all order in the finite size correction, in the framework of the Dirac equation. High-order size contributions to the Uelhing potential and to higher-order QED corrections been evaluated. The full dependance of the 2s hyperfine splitting on the proton charge distribution and Zemach radius has been evaluated as well.
The discrepancy between the proton size deduced from muonic hydrogen and the one coming from CO-DATA is slightly enlarged when tacking into account all the newly calculated effects. It is changed from 6.9 σ to 7.1 σ.
ACKNOWLEDGMENTS
The author wishes to thank Randof Pohl, Eric-Olivier Le Bigot, François Nez, François Biraben and several other members of the CREMA collaboration for numerous and enlightening discussions and Jean-Paul Desclaux for help in implementing some new corrections in the MCDF code. Special thanks go to Peter Mohr for several invitation to NIST where part of this work was performed, many discussions and for critical reading of part of the manuscript. I also thank Michael Distler for providing me with the charge density deduced from the MAMI experiment and Krzysztof Pachuki for his suggestion to introduce the logarithmic contribution to the fits. I thank also Franz Kottmann and Aldo Antognini for a critical and detailed reading of the manuscript.
The Feynman diagrams presented in the figures are realized with JAXODRAW [128] . This research was partly supported by the Helmholtz Alliance HA216/EMMI. Laboratoire Kastler Brossel is "Unité Mixte de Recherche n
• 8552" of École Normale Supérieure, CNRS and Université Pierre et Marie Curie. [2] G. G. Simon, C. Schmitt, F. Borkowski, and V. H. Walther, TABLE III. Proton size determinations (fm). e − p: electron-proton scattering, µH: muonic hydrogen, ChPt: Lattice QCD corrected with Chiral perturbation theory. The values in the four last lines are obtained using the transition frequency from Ref. [12] Hand et al. [1] 0.805 ± 0.011 e − p Simon et al. [2] 0.862 ± 0.012 e − p Mergel et al. [118] 0.847 ± 0.008 e − p Rosenfelder [119] 0.880 ± 0.015 e − p Sick 2003 [120] 0.895 ± 0.018 e − p Angeli [121] 0.8791 ± 0.0088 e − p Kelly [122] 0.863 ± 0.004 e − p Hammer et al. [123] 0.848 hydrogen, e − p CODATA 06 [11] 0.8768 ± 0.0069 Hydrogen, e − p Arington et al. [51] 0 [124] 0.828 ChPt Pohl et al. [12] 0.84184 ± 0.00067 µH Bernauer et al. [14] 0.879 ± 0.008 e − p CODATA 2010 [15] 0.8775 ± 0.0051 Hydrogen, e − p Adamuščín et al. [125, 126] 0.84894 ± 0.00690 e − p This work (using R Z = 1.045 fm) [127] 0.84079 ± 0.00069 µH This work (using R Z = 1.0668 fm) [40] 0.84089 ± 0.00069 µH Using Jentschura [84] 0.84169 ± 0.00066 µH Using Borie 0.84232 ± 0.00069 µH
